The Pyroxenite Marker in the eastern Bushveld Complex marks the termination of a pronounced upward trend to more primitive major and trace element mineral compositions. This geochemical reversal begins c. 350 m below the Pyroxenite Marker and suggests the input of a hotter, more primitive magma into the resident chamber. Here we present in situ major and trace element data for plagioclase, clinopyroxene, and low Ca-pyroxene to document the reversal interval. The data indicate that new magma batches were injected over time and that delivery rate was sufficiently slow that the main magma body was able to homogenize, cool, and partially crystallize between successive injections, even as it grew and became hotter and more primitive with each new injection. From the mineral data, we calculate the proportions and compositions of the incoming and resident magmas. The calculated incoming magma composition is similar to that of the tholeiitic B2 magma thought to have been the parent of the Upper Critical Zone. The similarity between the rocks of the Upper Critical Zone and the Upper Zone is a result of their similar source magma compositions rather than prior connectivity, as has been proposed elsewhere.
I N T RO D UC T I O N
The mafic magmas of the Rustenburg Layered Suite (RLS) were emplaced at c. 2·06 Ga during a period of intense regional magmatic activity that resulted in what is commonly referred to as the Bushveld Magmatic Province. Although most researchers conclude that the Province is probably the result of a large mantle plume (e.g. Hatton & Schweitzer, 1995) , the origin of such a unique and voluminous body of magmas remains an enigma. The proper identification and quantification of the sources of these magmas are fundamental to our understanding of the formation and evolution of the RLS and the Bushveld Magmatic Province as a whole.
The RLS magma chamber received at least four major inputs of magma (Eales, 2002) . One of these begins c. 350 m below and continues to the Pyroxenite Marker, a massive, 2^3 m thick orthopyroxenite cumulate present in both the eastern and western lobes of the RLS and designated as the base of the combined Upper and Upper Main Zones (hereafter referred to as the UUMZ). This apparent mixing interval is recorded by a persistent major and trace element reversal and coincident change in whole-rock initial Sr isotopic composition (Sharpe, 1985; Kruger et al., 1987; Cawthorn et al., 1991) . Despite previous attempts (Davies & Cawthorn, 1984; Cawthorn et al., 1991) , the composition of the new magma input has yet to be adequately quantified.
To gain insight into how the upper portions of the RLS magma chamber developed, we first reconstruct the compositions and proportions of the resident and incoming magmas from the major and trace element mineral compositions over the interval of mixing. Second, we use the trends in the thermal and chemical evolution of the rocks to investigate the style of magma recharge and mixing. Third, we compare the calculated incoming magma composition with those of possible magmas proposed as parents of the underlying cumulate sections of the RLS.
B AC KG RO U N D
Above a basal Marginal Zone of norite, the !8 km thick cumulate sequence of the RLS has been divided into four zones (Fig. 1a ) of progressively more fractionated rocks from the base to the top. The Lower and Critical Zones (total 3100 m thick; thicknesses cited here refer to the central sector of the eastern limb) are best known from the studies of Cameron (1978 Cameron ( , 1980 Cameron ( , 1982 and Teigler & Eales (1996) . The Lower Zone is dominated by harzburgites and orthopyroxenites, the Lower Critical Zone by pyroxenite with minor harzburgite, and the Upper Critical Zone by interbedded pyroxenite, norite, and anorthosite. The 3000 m thick Main Zone (von Gruenewaldt, 1973; Molyneux, 1974; Mitchell, 1990; Nex et al., 1998 ) is a massive unit of mainly norite, gabbronorite, and anorthosite. Upward through the section pigeonite eventually replaces orthopyroxene as the primary Ca-poor pyroxene. Overlying the Main Zone is the 2000 m thick Upper Zone (von Gruenewaldt, 1973; Molyneux, 1974) defined by the first appearance of cumulus (granular) magnetite (SACS, 1980) . The Upper Zone consists of a well-layered sequence of magnetite gabbro, anorthosite, olivine-and/or apatite-bearing gabbro, ferrodiorite, and magnetitite (Ashwal et al., 2005; Tegner et al., 2006; VanTongeren et al., 2010) .
Although the appearance of cumulus magnetite is useful as a field marker, an important geochemical delineation between the Main Zone and Upper Zone is the Pyroxenite Marker (Kruger, 2005) , which occurs at the boundary between the lower Main Zone and the upper Main Zone (Molyneux, 1974; SACS, 1980) , c. 650 m below the onset of cumulus magnetite in the eastern Bushveld. In the eastern Bushveld, the cumulate rocks in the 350 m stratigraphic interval immediately below the Pyroxenite Marker record a continuous upward trend of increasing pyroxene Mg# and plagioclase An content (Fig. 2) . A coincident change is also seen in whole-rock Sr isotopic composition from the western Bushveld (Cawthorn et al., 1991) , where the rocks become progressively less radiogenic with increasing stratigraphic height until the Pyroxenite Marker, at which point the remainder of the Main Zone and Upper Zone display a constant isotopic composition to the contact with the roof (Sharpe, 1985; Kruger et al., 1987; Kruger, 2005) .
The UUMZ contains minor chemical reversals (Ashwal et al., 2005) , which have been interpreted to be the result of double-diffusive convection (Tegner et al., 2006) . Otherwise, the layer displays an overall, continuous, upward change to chemically more evolved rocks, suggesting that it crystallized from a single, evolving magma composition. In accordance with this observation and the Sr isotope evidence, VanTongeren et al. (2010) designated the entire cumulate sequence from the Pyroxenite Marker to the roof the UUMZ (Upper and Upper Main Zones). VanTongeren et al. (2010) calculated the bulk composition of the UUMZ from more than 60 bulk-rock analyses from the Pyroxenite Marker to the roof, weighted according to their stratigraphic proportion. After showing that this composition could not have crystallized the phase assemblage or mineral compositions observed at the Pyroxenite Marker, they postulated that some amount of magma escaped from the magma chamber. They were able to produce a parent magma that crystallized the cumulus phases and their major and trace element compositions observed at the base of the UUMZ by adding of 15^25% felsic component, now represented by the overlying Rooiberg Group rhyolites and/or Rashoop Granophyres, to the bulk composition of the extant UUMZ.
Previous estimate of UUMZ incoming magma composition
von Gruenewaldt (1973) and Molyneux (1974) first documented the reversal of major element compositions in the cumulate rocks below the Pyroxenite Marker in the eastern Bushveld. Both interpreted the reversal to represent an influx of new, more primitive magma into a crystallizing magma body, but neither attempted to calculate the composition of the new magma.
In a study using the Bierkraal drill core through the UUMZ from the western Bushveld, Cawthorn et al. (1991) sought to reconstruct the trace element composition of the incoming magma from the trapped interstitial melt fraction deduced from samples above and below the Pyroxenite Marker. Their method is briefly described for comparison with the method used in this study.
First, to calculate the proportions of incoming and residual magma, Cawthorn et al. (1991) assumed that the former had an initial 87 Sr/ 86 Sr ratio equal to that of a hypersthene gabbro intruded below the western limb of the Bushveld Complex and described by Davies & Cawthorn (1984) . However, those researchers had explicitly rejected this gabbro as representative of the magma injected into the RLS chamber at the Pyroxenite Marker because its bulk composition falls within the clinopyroxene, not orthopyroxene, primary phase volume determined by Cawthorn & Davies (1983) . Cawthorn et al. (1991) also assumed that the Sr concentrations of the resident Main Zone and incoming magmas were identical, but never provided direct support for this assumption. From the isotopes and abundances, Cawthorn et al. (1991) concluded that the proportion of incoming to resident magma was 1:1.
Second, to calculate the REE contents of the incoming magma from the whole-rock compositions, they assumed that the composition of the trapped interstitial liquid was equal to the composition of the main magma body at that level. This assumption does not take into account any latestage reorganization of the partially molten cumulate pile that might have resulted in an interstitial melt fraction (a) , 2010) and generalized stratigraphic column of the eastern Bushveld Complex. B1 type magmas are thought to be parental to the Lower and lower Critical Zones, whereas B2 and B3 type magmas are thought to be parental to the Upper Critical and Main Zones, respectively (Harmer & Sharpe, 1985) . The UUMZ is the coherent stratigraphic unit from the Pyroxenite Marker to the roof. (b) Sample locations (white stars) on the geological map of Molyneux (2008 not original to, or in equilibrium with, the cumulate phase assemblage. Indeed, this assumption has been shown to be patently incorrect in a number of instances (e.g. Mathez, 1995; McBirney & Hunter, 1995; Meurer & Boudreau, 1998; McBirney, 2002; Meurer & Meurer, 2006) . In addition, to estimate the amount of trapped liquid contained in the whole-rock analysis, Cawthorn et al. (1991) assumed that phosphorus is completely incompatible, such that the proportion of trapped melt is equal to the proportion of P in the whole-rock (with the added assumption that the original magma had a constant 1000 ppm P). Using modes measured in the rocks and previously determined mineral^melt partition coefficients, they calculated the rare earth element (REE) composition of the trapped magma (C magma ) from
where X is the weight proportion of each phase in the whole-rock and D i is the appropriate mineral^melt partition coefficient for each element (i) under consideration. In short, Cawthorn et al. (1991) assumed the following: (1) the Sr isotopic composition of the incoming magma; (2) the Sr contents of the resident and incoming magmas; (3) the P content of the incoming magma; (4) that the composition of the interstitial melt fraction is representative of the original magma composition.
The approach used in this study alleviates the need for these assumptions. Instead, we calculate the equilibrium liquids over the interval of mixing directly from the compositions of the cumulus minerals to determine the composition and proportion of the incoming magma.
A NA LY T I C A L M E T H O D S
Samples from the eastern Bushveld were collected along the Leolo Mountain traverse (Upper Main Zone), the Magnet Heights section (Upper Zone) of Molyneux (1974) , and a nearby outcrop of the Pyroxenite Marker to the SE of Magnet Heights (Fig. 1a and b) . The stratigraphic position of each sample was determined according to the stratigraphic column and detailed map of Molyneux (1974) . A list of samples and their locations is provided in Table 1 . Eighteen bulk-rock samples over the UUMZ were dissolved and analyzed by inductively coupled plasma mass spectrometry (ICP-MS) for REE concentrations at Lamont^Doherty Earth Observatory (Table 2 ). For each sample 50 mg of finely ground rock powder (550 mm) was digested in 3 ml of HNO 3 and 1ml of HF in a capped Teflon vial. The samples were cooked on a sub-boiling hotplate for 6^24 h or until clear or white. They were then uncapped and put on the hotplate to dry without burning. Three ml of HNO 3 and 2 ml of doubly distilled H 2 O were added to the dry samples and they were returned to the hotplate for an additional few hours until re-dissolved. This solution was diluted 2000Â and sonicated to ensure total dissolution. Four standards (JA2, W2, JB-3, K1919), a drift sample, a blank, and two standards analyzed as unknowns (BR24, RGM) were used to calibrate machine drift, background, composition, and precision during analysis. Calibration regressions for all elements had r 2 ! 0·999. Additionally, each sample was measured twice, yielding an average per cent difference of 53% for all elements.
In situ major and trace element compositions of plagioclase, clinopyroxene, and orthopyroxene were determined for 24 samples above and below the Pyroxenite Marker by electron microprobe and laser ablation (LA)-ICP-MS. Electron microprobe analyses of clinopyroxene, low-Ca pyroxene, and plagioclase were determined using the Cameca SX100 microprobe at the American Museum of Natural History. An acceleration potential of 15 keV, beam current of 20 nA, count times of 30 s on peak and 15 s on background, and a beam diameter of 1^5 mm were used. As a check, standards were regularly reanalyzed with unknowns, and their compositions were consistently reproduced to within 2s uncertainty of the known composition.
In situ trace element analyses were obtained using a VG PlasmaQuad ExCell ICP-MS system equipped with a New Wave UP-193-FX excimer laser ablation system. Standards BCR, BIR and BHVO were regularly reanalyzed for continuous calibration accounting for machine drift. The standards NIST610 and NIST612 were regularly reanalyzed as unknowns to ensure accuracy.
LA-ICP-MS operating conditions for each mineral were chosen to optimize signal time and precision. For pyroxene a spot size of 40 mm was used with an operating power of 2·2 GWcm^2 and 10 Hz beam current. Plagioclase was analyzed with a spot size of 75 mm, 1·9 GWcm^2 and 10 Hz. For each analysis, the location of the spot was determined with a petrographic microscope attached to the laser apparatus with both plane and crossed-polar light capabilities to avoid inclusions, large exsolution lamellae (in the case of pyroxene), or secondary alteration. In all possible cases the core of the mineral was analyzed so as to maximize the likelihood of obtaining the original igneous phase compositions. For all elements, the calibration regression had an r 2 40·99.
R E S U LT S
Below the Pyroxenite Marker the cumulate mineral assemblage consists of 20^30% low-Ca pyroxene (in most cases now inverted pigeonite), 10^20% clinopyroxene, and 50^65% plagioclase. Apart from a few minor clinopyroxenite and anorthosite layers, the gabbronorite phase proportions do not change appreciably over the interval of mixing.
Major and trace element compositions for clinopyroxene, low-Ca pyroxene, and plagioclase are presented in Supplementary Data Tables 1^3 (available for downloading at http://www.petrology.oxfordjournals.org). Plagioclase An content and pyroxene Mg# are shown as a function of stratigraphic height in Fig. 2 . The Pyroxenite Marker is located 2200 m above the Merensky Reef in the eastern Bushveld (Molyneux, 1974) . The reversal in clinopyroxene and low Ca-pyroxene Mg# as well as plagioclase An content begins c. 350 m below the Pyroxenite Marker (c. 1849 m) and continues to just above it (c. 2210 m). A similar, though abbreviated, stratigraphy was reported for the western limb (Cawthorn et al., 1991; Nex et al., 2002) .
Calculation of the UUMZ parent magma
We calculate the composition of the UUMZ parent magma as follows. The rocks used in this study are all gabbronorites displaying well-developed adcumulate textures and free of deuteric or other alteration minerals (Fig. 3) .
As with most such rocks in large layered intrusions, existing textures indicate a complex evolution characterized by grain reorganization, coarsening, and partial attainment of equilibrium dihedral angles among crystals as the rocks compacted by expulsion of interstitial liquid (e.g. Hunter, 1987; McBirney & Hunter, 1995) . To obtain mineral compositions as close as possible to the primary igneous compositions, we analyzed, to the extent possible, only the cores of grains to minimize any compositional shift owing to the 'trapped liquid effect' (e.g. Barnes, 1986a) . The measured mineral compositions were found to be uniform within single samples, indicating minimal reaction of trapped liquid and crystals. Orthopyroxene crystals do display thin exsolution lamellae of clinopyroxene. Because the exsolution lamellae are small relative to the total volume of the grain, accurate reintegration of these compositions was not possible, and the values presented in Supplementary Data Tables 1 and 2 represent only the compositions of the orthopyroxenes themselves.
Partition coefficients for each mineral were calculated assuming P ¼ 200 MPa and fO 2 corresponding to the quartz^fayalite^magnetite (QFM) buffer (e.g. VanTongeren et al., 2010) . Wallmach et al. (1995) calculated a recrystallization pressure of 5150 MPa from a calc-silicate xenolith located in the UUMZ c. 1500 m above the Pyroxenite Marker; therefore a pressure of 200 MPa is deemed appropriate for the base of the UUMZ. As for fO 2 , the crystallization of cumulus magnetite before ilmenite indicates that the magma was probably at or slightly above QFM (e.g. Toplis & Carroll, 1995) .
The UUMZ parent magma of VanTongeren et al. (2010) has orthopyroxene as the primary phase on the liquidus at T ¼11508C. This temperature is also identical to that calculated for the Pyroxenite Marker by Cawthorn et al. (1991) . The MELTS (Ghiorso & Sack, 1995) model output used to calculate the liquidus temperature predicts a c. 6·88C temperature change per mol per cent An in plagioclase in the range of An 55^75 . Assuming that the initial temperature of 11508C corresponds to the highest plagioclase An content (An 75 ) measured immediately below the Pyroxenite Marker, the plagioclase crystallization temperature recorded in each sample is determined by the following expression:
Equilibrium liquid compositions calculated from each phase are provided in Table 3 . To obtain liquid compositions for Sr, Ba, Rb, Pb, and the light REE (LREE), we apply the plagioclase partition coefficients of Bindeman et al. (1998) using the measured plagioclase An contents and calculated crystallization temperatures. For the REE we use the clinopyroxene lattice strain model of Wood & Blundy (1997) with the measured clinopyroxene Mg#s and temperatures calculated from plagioclase An contents. For Sc, Y, and the heavy REE (HREE) we use the orthopyroxene partition coefficients of Bedard (2007) Barnes (1986b) for magmas at QFM and 11508C, and for Zr we use the constant D opx Zr ¼ 0Á021 from Dunn & Sen (1994) appropriate for orthopyroxene En 67^75 at low pressure.
As previously observed for Zr, Y, Ba, and Rb (VanTongeren et al., 2010) , the REE composition of the calculated 15^25% Rooiberg-added UUMZ parent magma is in equilibrium with the cumulus minerals present near the Pyroxenite Marker (Fig. 4 ).
Recharge and mixing calculation procedure
The interval of input, mixing and crystallization recorded in the cumulate rocks below the Pyroxenite Marker can be used to reconstruct the proportions of incoming and resident magma as well as their compositions. An illustration of the variables used in this calculation is provided in Fig. 5 . The general formula for two-component compositional mixing is
where C mix , C res , and C inc are the compositions, respectively, of the mixed, resident, and incoming magmas; and X res and X inc are the proportions of incoming and resident magmas. We choose to model the magma recharge and mixing in this way to eliminate any assumptions associated with unknown variables, such as the rates of assimilation and crystallization or the temperature and heat capacities of the two magmas, which are required in the models of DePaolo (1981) or Spera & Bohrson (2001) .
Proportions
The proportions of incoming magma (X inc ) to resident magma (X res ) can be inferred directly from the total stratigraphic thickness above the point of magma input and the total stratigraphic excursion in mineral compositions owing to the influx of new magma. The total magma layer thickness above the point of input can be calculated by
The thickness of the UUMZ from the Pyroxenite Marker to the roof is c. 2425 m (Molyneux, 1974) . La  1·56  1·48  2·97  3·52  1·78  3·17  1·40  3·20  5·77  4·99  2·89  12·77  1·38   Ce  3·71  3·15  6·96  7·48  4·32  6·71  2·92  7·04  11·32  11·83  7·18  31·47  3·32   Pr  0·56  0·39  0·99  0·98  0·65  0·84  0·39  1·00  1·38  1·55  1·13  4·38  0·53   Nd  2·47  1·56  4·20  4·12  2·92  3·30  1·69  4·14  5·44  6·51  5·14  20·12 This formulation requires that X res in the fully mixed UUMZ is the same as X res over the Zone of Magma Mixing, an assumption that is inherently incorrect. (continued)
VANTONGEREN & MATHEZ RUSTENBURG LAYERED SUITE MAGMAS
As new magma is input into the resident magma chamber the relative proportions of incoming and residual magma change such that the X res at the beginning of mixing is greater than the X res at the end. Nevertheless, the contribution (350 m) of the Zone of Magma Mixing to the total magma thickness is small (c. 10%), so changes in X res over this interval will not significantly influence the mixing results (see Compositions below). The proportion of incoming magma (X inc ) is calculated from the trend in the observed mineral compositions above and below the Pyroxenite Marker. X inc is equal to the total amount of crystallization required to return the All plagioclase liquids calculated using partition coefficients from Bindeman et al. (1998) , clinopyroxene using partition coefficients of Wood & Blundy (1997) , orthopyroxene using partition coefficients of Bedard (2007) with the exception of Cr (from Barnes, 1986b) and Zr (from Dunn & Sen, 1994 (Table 2 ). Equilibrium liquids are calculated from each phase using partition coefficients defined in the text. Plagioclase (black squares) and orthopyroxene (black diamonds) are more reliable indicators of equilibrium liquid composition owing to their higher modal abundance.
JOURNAL OF PETROLOGY VOLUME 54 NUMBER 8 AUGUST 2013 magma to its original composition prior to input and mixing. For the present purposes, this is assumed to be the total stratigraphic excursion in plagioclase An content. Plagioclase is a good recorder of melt temperature and composition because the coupled substitution of Ca^Al for Na^Si makes it less susceptible to subsolidus re-equilibration than Fe^Mg exchange in pyroxene (Morse & Nolan, 1984) . Prior to the input of new magma, c. 350 m below the Pyroxenite Marker, the plagioclase composition is An 57 . This composition reappears in the UUMZ stratigraphy c. 850 m above the Pyroxenite Marker. Thus, the total stratigraphic excursion caused by magma input is 1200 m (Figs 2 and 5) . Given a total magma layer thickness of between 3200 m (15% magma loss) and 3580 m (25% magma loss), X inc is calculated to have constituted between 33 and 37% (1200/3580 to 1200/3200) of the total layer thickness. Results for the hypothetical case in which there was no magma loss from the UUMZ are also presented in the appropriate tables and figures. In this case, the proportion of incoming magma is c. 43% (1200 m/2775 m).
Compositions, C mix
The UUMZ parent magma composition represents that of the fully mixed magma at the level of the Pyroxenite Marker as recorded by in situ mineral compositions immediately above and below it (Table 4 ). The UUMZ parent magma composition, however, is not the composition of C mix , which ideally should include the composition crystallized over the Zone of Magma Mixing, such that
However, owing to the limited number of whole-rock analyses available over the Zone of Magma Mixing, any estimate of C Zone of Mixing is possible only from mineral compositions and modes. The gabbroic rocks in the Zone of Magma Mixing contain plagioclase, clinopyroxene and low-Ca pyroxene in weight proportions of approximately 55:20:25, respectively. Using these proportions and the measured mineral compositions, a hypothetical wholerock composition was calculated at each sample depth. C Zone of Mixing was then calculated by weighting each 'whole-rock' according to its stratigraphic interval and composition. The addition of this interval does not significantly influence the calculation of the compatible trace elements in C mix or C inc . For example, in the case of Sr concentration, the difference in C mix calculated with the Zone of Magma Mixing and without is $3 ppm (which is only $1% of the total). This method of calculation, however, does not account for the presence of trapped melt in the rocks over this interval, which may strongly influence the concentration of incompatible trace elements in the calculated composition. For example, in the case of Zr, the difference calculated for C mix with and without the Zone of Magma Mixing is $23 ppm (which corresponds to $12% of the total). Because of these uncertainties in the incompatible trace elements, we have chosen to omit C Zone of Mixing from C mix , such that for all elements
The calculation of C mix and C inc with the inclusion of C Zone of Mixing can nonetheless be found in Table 5 , and, in the case of the compatible trace elements (Sc, Cr, Sr), does not deviate significantly from the composition used throughout the remainder of the text.
Compositions, C res and C inc
The composition of the resident magma (C res ) can be calculated from the most evolved samples directly below the onset of magma input (i.e. at 350 m below the Pyroxenite Marker) by calculating the appropriate mineral^melt partition coefficients (see above) and the measured composition of each phase.
The composition of the incoming magma (C inc ) may now be obtained by Table 5 shows the permissible range of incoming magma compositions.
Compositions, major elements
A wide range of magma compositions can crystallize the gabbronorite assemblage of the Main Zone, making it difficult to identify the precise major element composition of the resident magma. However, the measured plagioclase Ca/Na ratio and pyroxene Fe/Mg ratio can be related to the original magma composition by known mineral^melt partition coefficients. Prior to magma input the resident Main Zone magma (C res ) had a Ca/Na ratio of 3·81 (using D 
-, elements that were either not analyzed in that phase or are sufficiently incompatible that they are not reliable in calculating an equilibrium liquid composition.
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Fe/Mg ratio of 2·32 (using D
Opx
Fe=Mg ¼ 0Á25; Baker & Eggler, 1987; Bedard, 2007) . The Ca/Na ratio calculated for C mix is 6·81. Thus, C inc is calculated to have a Ca/Na ratio of 10·74, 11·81, and 12·76, for the no magma loss (0%), 15% magma loss, and 25% magma loss scenarios, respectively. The high Ca/Na ratio of the incoming magma is consistent with the observed progression of increasing An content through the Zone of Magma Mixing.
The C inc Fe/Mg ratio calculated in this way is highly uncertain owing to the abbreviated mixing interval recorded by the pyroxenes (beginning c. 100 m stratigraphically above the onset of mixing recorded in plagioclase; Fig. 2) . Nex et al. (2002) suggested that the Fe/Mg composition of the incoming magma may have changed over the duration of mixing, with the first pulses of magma being more Ferich and subsequent pulses more Mg-rich. Although we cannot rule out this hypothesis, a changing magma composition is not required to explain the majority of the data presented here; instead, the abbreviated stratigraphy in pyroxene Fe/Mg content could also be due to the faster subsolidus re-equilibration of Fe/Mg in pyroxenes relative to that of Ca/Na in plagioclase.
Compositions, trace elements
Some trace elements, such as Sc, Cr, Zn, and the HREE, show distinct compositional reversals coincident with those of the major elements. Concentrations of other elements, such as Zr, and the LREE, do not show any significant correlations with stratigraphic position below or above the Pyroxenite Marker. This lack of correlation may be the result of a number of factors, including (1) similar compositions of resident and incoming magmas, (2) the competing effects of magma recharge (enhancing or diluting the element concentration) and fractional crystallization (increasing incompatible and decreasing compatible element concentrations in the residual liquid), and (3) erasure of the original magma signature as a result of re-equilibration, whether by mineral^mineral diffusion or by re-equilibration with any remaining interstitial liquid. Table 5 lists the calculated liquid compositions for C res for each trace element in order of decreasing compatibility in the phase from which they are calculated (the REE are ordered by mass number). Calculated equilibrium liquid compositions of Cr, Sr, and Sc are highly robust (D41), whereas Y, Zr, Ba, Rb, and the REE (D51) may be subject to greater uncertainty. That said, as was noted for Y, Zr, 4·15  3·14  5·48  5·84  6·16  0·97  3·75  4·55  4·77  4·96   Er   opx   1·96  1·12  3·07  3·36  3·63  0·59  1·79  2·66  2·90  3·11   Yb   opx   2·17  1·21  3·43  3·76  4·07  0·60  1·97  2·97  3·24  3·48   Lu   opx   0·29  0·18  0·44  0·48  0·51  0·10  0·27  0·38  0·41  0·44 The superscript after each element denotes the phase from which the C UUMZ and C res liquid composition was derived. *0%, 15%, 25% refer to the amount of missing magma from the total UUMZ, which affects the relative proportions (X inc , X res ) used in the calculation of C inc .
Ba, and Rb by VanTongeren et al. (2010) and for the REE above (Fig. 4) , the calculated equilibrium liquid compositions from rocks immediately above and below the Pyroxenite Marker are in good agreement with independent estimates of the UUMZ parent magma composition derived from MELTS modeling by VanTongeren et al. (2010) .
Compositions, isotopes
The whole-rock Sr isotopic compositions of the Main and Upper Zones have been well documented (Sharpe, 1985; Kruger et al., 1987; Cawthorn et al., 1991; Maier et al., 2000) . Sharpe (1985) and Kruger et al. (1987) recalculated to 2·06 Ga]. The Sr contents of C res , C inc and C mix are all constrained from the above calculations (Table 5) . Thus, the initial Sr isotopic composition of the incoming magma ( 87 Sr/ 86 Sr) inc is calculated to be between 0·7066 and 0·7068, well within the range of proposed parent magmas to the RLS (see below).
D I S C U S S I O N Preservation and style of the recharge event
Compositional reversals in layered intrusions are not uncommon, but they are typically sharp, not gradual (e.g. McCallum et al., 1980; Naslund & McBirney, 1996) . The character of the mixing interval below the Pyroxenite Marker is therefore unusual. Crystallization is driven by heat loss, so the cumulate rocks themselves must record the progressive cooling of the magma body. Yet the addition of a hotter, more primitive magma below the Pyroxenite Marker is supported by all available geochemical parameters. The cooling and crystallization of the magma body during the simultaneous addition of a new, hotter magma is seemingly contradictory. Therefore, it is pertinent to consider further how the Zone of Magma Mixing may have developed.
Two scenarios have been put forward to explain the formation of the Main and Upper Zones. On the basis of whole-rock Sr isotopic compositions, Sharpe (1985) proposed that the rocks that now make up the Main Zone crystallized from a crystal mush intruded between the Upper Critical Zone and the UUMZ. In this scenario, the UUMZ represents the product of fractional crystallization from the Lower and Critical Zones and was displaced upward by the intrusion of the Main Zone. The scenario was invoked to account for some variations in platinum group element contents in the upper Main Zone of the RLS Northern Limb and to explain the observed mineral-scale isotopic disequilibria, non-cotectic phase proportions, and lack of geochemical differentiation in the lower Main Zone of the RLS Northern Limb (Roelofse & Ashwal, 2012) . However, the model of Sharpe (1985) fails to explain the gradual increases in plagioclase An content and pyroxene Mg# through the Zone of Magma Mixing. It is also inconsistent with the fact that orthopyroxene in the uppermost Critical Zone rocks contains 3000^4000 ppm Cr (Mathez et al., 1997; Seabrook et al., 2005) , whereas that in the Pyroxenite Marker contains only $1000 ppm Cr (Supplementary Data Table 2 ; Fig. 6 ).
In a second scenario, Cawthorn et al. (1991) envisioned the incoming magma to have intruded in one pulse, which rose to an intermediate level in a compositionally stratified resident magma body, and developed fingerinstabilities upon cooling, resulting in packets of crystals þ liquid descending through the resident magma to the floor of the chamber. In this scenario, the Zone of Magma Mixing represents cumulates from crystallization of the resident magma and the crystal-rich packets from the incoming magma. This is not a viable mechanism to produce the Zone of Magma Mixing for the following reasons.
(1) There is little evidence that the cumulates in the Zone of Magma Mixing crystallized from two different magmas. With the exception of a single sample in the Cawthorn et al. (1991) study, the mineral compositions measured at each stratigraphic level are uniform, and there is no evidence of multiple crystal populations with distinct compositions, as has been observed elsewhere in the RLS. For example, below the Pyroxenite Marker pyroxene Cr contents are uniform within single samples despite the fact that they increase through the Zone of Magma Mixing ( Fig. 6 ; see below). (2) The whole-rock Sr isotopic composition changes systematically and coincident with the cumulate compositions up to a homogeneous UUMZ composition. (3) The phase assemblage and modes of the rocks above the Pyroxenite Marker are similar to those below it.
Gradual recharge model
Here we propose an alternative model in which magma intruded in numerous, small, discrete batches into a thermally and chemically homogeneous magma body. These injections occurred over time, with the magma delivery rate being such that the magma body was able to homogenize, cool, and partially crystallize between successive events, even as it grew and became hotter and more primitive with each new injection. This model is supported by the fact that the temperatures calculated from the evolution of plagioclase An content below the Pyroxenite Marker (see discussion and equation above) increase by $1238C from the onset of mixing at $1850 m to the cessation just below the Pyroxenite Marker at $2195 m (Fig. 7) . At no point do plagioclase compositions record a drastic increase in temperature from one sample to the next. Therefore, it is unlikely that hot new magma was injected all at once because that would have resulted in an abrupt, step-wise temperature change. A similar conclusion was reached to explain the upward increase in orthopyroxene Mg# and whole-rock Sr isotopic compositions observed at the base of the Main Zone Mitchell, 1990; Mitchell et al., 1998) .
The gradual recharge model is also consistent with observed change in pyroxene Cr contents through the Zone of Magma Mixing (Fig. 6 ). Approximately 100 m below the Pyroxenite Marker the Cr contents of orthopyroxene and clinopyroxene begin to increase dramatically, from $25 ppm to 750^1000 ppm in orthopyroxene and 50 ppm to 1500 ppm in clinopyroxene. This increase terminates at the Pyroxenite Marker, above which pyroxene Cr contents return to their pre-mixing values after $600 m of crystallization. The Pyroxenite Marker itself is characterized by variable pyroxene Cr contents (Fig. 6) . It also displays a slightly lower whole-rock Sr isotopic composition ( 87 Sr/ 86 Sr) i % 0·7069 compared with the UUMZ (0·7073) and Main Zone (0·7080) (Cawthorn et al., 1991) . We interpret these observations to indicate that the Pyroxenite Marker resulted from either (1) intrusion of a large, final pulse of magma that mixed with a cooler, resident magma to force the system to orthopyroxene saturation, or (2) intrusion of magma with an entrained pyroxene crystal load.
Size of recharge event
Prolonged, gradual input resulting in incremental increases in X inc at the expense of X res is also consistent with the apparent increase in the rate of temperature change with stratigraphic height (dT/dZ) below the Pyroxenite Marker (Fig. 7) . For example, if one part incoming magma was added to a constant 100 parts of resident magma for every 10 m of crystallization, then the proportion of incoming to residual magma would have increased from 1:100 (X inc ¼ 0·01) during the deposition interval 350^100 m to 25:100 (X inc ¼ 0·2) during the top 100 m interval in Fig. 7 . Owing to the significantly higher temperature of the incoming magma, an increase in X inc might also inhibit or slow crystallization, further increasing dT/dZ. The same effect may also be achieved by an increase in the rate of input at this point, but this is not required. To put this recharge hypothesis in perspective, the total amount of new magma added to the chamber ($1200 stratigraphic meters) over the interval represented by the Zone of Magma Mixing was $63 000 km 3 (assuming the addition occurred throughout the entire 350 km east^west and 150 km north^south dimension of the present Bushveld; Fig. 1a ). In terms of magma delivery rate and style of intrusion, a good analogue for the Zone of Magma Mixing is the well-exposed and well-mapped Columbia River Basalt (CRB) Province. There, $234 000 km 3 of basalt erupted in about 2 Myr (at 14·51 6·6 Ma) in the form of numerous, single lava flows with volumes typically less than 1000 km 3 (Hooper et al., 2007, and references therein) , and the eruption rate reached a maximum of 0·18 km 3 a^1 for 200^300 kyr [for comparison, the current eruption rate of Kilauea volcano, Hawaii is 0·08 km 3 a^1 (Denlinger, 1997) ].
Previous estimates of Bushveld source magmas
The Bushveld Complex source magmas have been grouped into three types based on analyses of nearby sills and dikes and on quenched marginal rocks (Sharpe, 1981; Harmer & Sharpe, 1985; Sharpe & Hulbert, 1985) . B1 (Sharpe, 1981; Harmer & Sharpe, 1985; Barnes et al., 2010; Godel et al., 2011) . The composition of the UUMZ incoming magma identified here is similar to the B2 magmas in Ca/Na ratio and compatible trace element (Sc, Cr, Sr) contents. The shape of the REE pattern identified for C inc is very similar to that of those rocks identified as B2 liquids, but with slight increases in the total REE abundances (Table 6 , Fig.  8 ) as well as other incompatible trace elements (Zr, Rb) in the UUMZ incoming magma (Table 6) ; however, incorporation of the Zone of Magma Mixing into the UUMZ brings its REE contents to well within the range of the B2 magmas. The initial Sr isotopic composition calculated for the UUMZ incoming magma of ( 87 Sr/ 86 Sr) 2·06Ga ¼ 0·7066^0·7068 is also within the range measured in B2 marginal rocks of ( 87 Sr/ 86 Sr) 2·06Ga ¼ 0·7063^0·7074; average ¼ 0·7066 (Sharpe, 1985) . Thus, it is likely that certain geochemical similarities between the rocks of the Upper Critical Zone and those of the UUMZ (Sharpe, 1985) are the result of similar source magmas, which perhaps had experienced some geochemical evolution at depth prior to emplacement.
C O N C L U S I O N S
We have provided estimates of the compositions and proportions of magmas involved in replenishment of the RLS magma chamber below the Pyroxenite Marker. These estimates are based on the observed cumulus mineral compositions and are not significantly sensitive to assumptions about the proportions of magma that had escaped from the UUMZ as it crystallized. Our results suggest that the magma parental to the UUMZ was similar in trace element and isotopic composition to the tholeiitic B2-type marginal sills, which have been proposed as parental to the rocks of the Upper Critical Zone (Harmer & Sharpe, 1985) . The Upper Critical Zone and UUMZ crystallized from different magmas with similar compositions (and presumably sources) rather than from a single magmatic system that had been physically separated by subsequent intrusion of a Main Zone magma, as originally proposed by Sharpe (1985) .
The Zone of Magma Mixing immediately below the Pyroxenite Marker is interpreted to reflect a sufficiently gradual input of new magma to allow for some cooling and crystallization of the main magma body, even as it grew and became hotter and more primitive with each new injection. The gradual change in magma composition to more primitive compositions though the mixing interval also implies that the main magma body remained well mixed as it grew.
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Supplementary data for this paper are available at Journal of Petrology online. 100 Fig. 8 . Chondrite-normalized REE contents of magmas proposed to be parental to the Bushveld Complex. Ranges of B1, B2, and B3 magmas are from Barnes et al. (2010) . Black lines are the C inc assuming 0%, 15%, and 25% magma loss from the UUMZ [ Table 4 , part (a)], with maximum uncertainty envelope for all C inc values proposed here in light grey.
